Kinetic models describing the adsorption of Ni(II) ions on to hazelnut shell active carbon (HSAC) have been compared. Kinetic studies have also been carried out in a batch adsorber over a range of initial metal ion concentration (11.87-92.34 mg/dm 3 ), agitation speed (50-200 rpm) and adsorbent particle size (0.90-1.60 mm). The rate models evaluated included the pseudo-first order equation, the pseudo-second order equation and the Elovich equation. The results obtained showed that the pseudo-second order kinetic model correlated the experimental data well and better than the other models examined in this study.
INTRODUCTION
Nickel is a toxic metal present in wastewaters and has many industrial applications such as electroplating, utensil manufacture, metallurgical and catalytic processes, and use in printing works, motor vehicle and aircraft industries which cause an increase in the Ni(II) ion burden on the ecosystem and a deterioration in water quality. Its concentrations in industrial wastewaters range from 3.40 mg/l to 900 mg/l (Bailey et al. 1999 ) and the maximum contaminant limit for Ni(II) ions in potable water has been fixed at 50 mg/dm 3 by the European Union. The hazardous nature of the Ni(II) ion is linked with its activity as an aponent carcinogen (Mukherjee 1986; Sharma et al. 1991) .
Several treatment processes for the removal of metal ions from aqueous solutions have been reported in the literature, mainly ion exchange, solvent extraction, reverse osmosis, chemical precipitation, membrane filtration and adsorption (Patterson 1985) . Adsorption by activated carbon is widely used for the removal of toxic metals and has been studied extensively (Bailey et al. 1999; Budinova et al. 1994; Mattson and Mark 1971; McKay 1995) . However, there is a need for the development of low-cost easily available materials which can absorb nickel ions economically. In this respect, the use of materials such as rice milling by-products (hulls and bran) (Marshall et al. 1993 ), banana pith (Low et al. 1995 , bambara nut and rice husks (Said et al. 1993) , peanut hulls (Periasamy and Nawasivayam 1995), apple waste (Maranon and Sastre 1992), olive mill products (Gharaibeh et al. 1998), sphagnum moss peat (Ho and McKay 2000) , peat moss (Gosset et al. 1986 ), fly ash (Vishwakarma et al. 1989) , red mud (Zouboulis and Kydros 1993), wollastonite and china clay (Sharma et al. 1991) and spent animal bones (Al-Asheh et al. 1999 ) have also been reported as useful for the removal of nickel ions from aqueous solutions.
The current research deals with a comparison of three kinetic models applied to the adsorption of Ni(II) ions on HSAC to find which models give the best correlation with the experimental data in batch adsorption systems.
THEORY
A kinetic model is concerned only with the effect of observable parameters on the overall rate which include the initial Ni(II) ion concentration, the agitation speed and the size of the particles employed, although there are many other factors which will influence adsorption, e.g. the contact time, the adsorbent concentration, the pH, the nature of the solute and its concentration. The three kinetic models described below were used to describe Ni(II) ion adsorption by HSAC. The conformity between the experimental data and the model-predicted values was expressed by the correlation coefficient (R 2 ). A relatively high value of R 2 indicated that the model described the kinetics of Ni(II) ion adsorption by HSAC successfully.
The pseudo-first order model equation
The pseudo-first order equation of Lagergren (Ho and McKay 1998) is generally expressed as:
where q e and q t are the adsorption capacity at equilibrium and at time t, respectively (mg/g) and k 1 is the rate constant for pseudo-first order adsorption (l/min). After integration and applying the boundary conditions t = 0 to t = t and q t = 0 to q t = q t , the integrated form of equation (1) becomes:
The pseudo-second order model equation
The pseudo-second order adsorption kinetic rate equation is expressed as:
where q e and q t are the adsorption capacity at equilibrium and at time t, respectively (mg/g) and k is the rate constant for pseudo-second order adsorption [g/(mg min)]. For the boundary conditions t = 0 to t = t and q t = 0 to q t = q t , the integrated form of equation (3) becomes:
which is the integrated rate law for a pseudo-second order reaction. Equation (4) can be rearranged to a linear form:
If pseudo-second order kinetics are applicable, a plot of t/q t against t should give a linear relationship, from which q e and k can be determined from the slope and intercept of the plot, respectively.
The Elovich model equation
The Elovich model equation is generally expressed as:
where q t is the adsorption capacity for Ni(II) ions at time t (mg/g), a is the initial adsorption rate [mg/(g min)] and b is the desorption constant (g/mg) during a given experiment.
To simplify the Elovich equation, Chien and Clayton assumed abt >> t and by applying the boundary conditions q t = 0 at t = 0 and q t = q t at t = t (Sparks 1986) equation (6) becomes:
If Ni(II) ion adsorption fits the Elovich model, a plot of q t versus ln t should yield a linear relationship with a slope of 1/b and an intercept of (1/b) ln(ab).
MATERIALS AND METHODS

Materials
HSAC was obtained from a species of Corylus avellana from Trabzon in Turkey, its estimated reserves being approximately 10 6 tonne/y (Demirbas , 1998) . The material was air-dried, crushed and screened to obtain five fractions with geometrical mean sizes ranging from 0.5 mm to 2.0 mm. A selected fraction (100 g) was impregnated with a calculated amount of conc. H 2 SO 4 (96%), care being taken to mix the acid and the particles thoroughly so as to obtain a nearly uniform impregnation. The partially carbonized particle/acid mixture was stored in an air oven at 150ºC for 24 h. The carbonized material was then washed with distilled water to remove free acid, soaked in 1% NaHCO 3 solution until effervescence ceased and finally soaked in 1% NaHCO 3 solution overnight to remove any residual acid. The material was then washed with distilled water, dried at 105ºC and sieved to 0.90, 1.20, 1.40 and 1.6 mm particle size (Ekinci et al. 1997) .
Methods
The adsorption of Ni(II) ions on to HSAC has been studied by batch experiment methods. Such tests were carried out at constant temperature (25ºC) and a pH of 6.25 using 250 ml screw-cap conical flasks sited on a rotary shaker. The Ni(II) solutions were prepared by dissolving a known amount of NiSO 4 6H 2 O in distilled water. Kinetic studies were conducted by varying the concentration of Ni(II) ions from 11.87 mg/dm 3 to 92.34 mg/dm 3 , the agitation speed from 50 rpm to 200 rpm and the particle size from 0.90 mm to 1.60 mm, respectively. Each flask was removed after the required contact time, the contents filtered through a Whatman No. 1 filter paper and the filtrate analyzed. The contact time was ca. 180 min. Nickel ion concentrations were analyzed using a Perkin-Elmer SIMAA 6000 model spectrophotometer at a wavelength of 294.4 nm.
RESULTS AND DISCUSSION
Effect of initial Ni(II) ion concentration
Adsorption of Ni(II) ions on to the activated carbon was studied over a range of initial metal ion concentrations (11.87-92.34 mg/dm 3 ). Figure 1 shows the effect of the initial Ni(II) ion concentration on the rate of adsorption on to HSAC. It will be seen that removal of Ni(II) ions increased with time with equilibrium being attained after ca. 180 min. Plots of log(q e -q t ) versus t, t/q t versus t and q t versus ln(t) as required by equations (2), (5) and (9) are depicted in Figure 2 (a-c) for the same data at various times. The correlation coefficients (R 2 ) were found to be highest for pseudo-second order adsorption kinetics (> 0.993) compared to pseudo-first order adsorption kinetics and the Elovich model, the values of these constants being listed in Table 1 . This suggests strongly that the adsorption of Ni(II) ions on to HSAC was best represented by pseudo-second order adsorption kinetics. The reaction rate values obtained from the slopes of plots of the three models for various initial Ni(II) ion concentrations are listed in Table 1 . 
Effect of agitation speed
A series of experiments was undertaken employing agitation speeds of 50, 100, 150 and 200 rpm, respectively. Figures 3 and 4(a-c) show the effect of agitation speed on the adsorption of Ni(II) ions on to HSAC and the corresponding plots of log(q e -q t ) versus t, t/q t versus t and q t versus ln t for the same data applying the three kinetic models studied, respectively. The activated carbon showed good results with increasing agitation speed. However, it will be observed that the k values obtained were greater for the pseudo-second order adsorption kinetics model than for the others studied (see Table 2 ) and that the correlation coefficients (R 2 ) were also higher for this model (> 0.999) relative to the pseudo-first order adsorption kinetics model and the Elovich model.
Effect of adsorbent particle size
The influence of adsorbent particle size for HSAC was investigated using three selected particle sizes (0.90-1.20, 1.20-1.40 and 1.40-1.60 mm) at a pH value of 6.25, adsorbent dose of 0.50 g/ 100 ml, agitation speed of 150 rpm and temperature of 25ºC. It is clearly seen from Figure 5 that the adsorption of Ni(II) ions increased with decreasing particle size, i.e. increasing particle surface area.
The kinetic parameters obtained from the plots of log(q e -q t ) versus t, t/q t versus t and q t versus ln t as required by the three models studied for the same data for the three selected particle sizes of HSAC employed are shown in Figure 6(a-c) . The data show good compliance with the pseudosecond order equation, the R 2 values for the linear plots of > 0.997 supporting the view that the kinetic data were well fitted by this equation (see Table 3 ). (f) 1.40-1.60 mm.
CONCLUSIONS
A comparison of three kinetic models for describing the adsorption of Ni(II) ions on to HSAC has been made. The variables included a range of initial metal ion concentrations, the agitation speed and the adsorbent particle size for the various kinetic studies. The kinetic rate models evaluated were the pseudo-first order equation, the pseudo-second order equation and the Elovich equation. The relatively high R 2 values obtained for the relationship between the measured and predicted Ni(II) ion adsorption data obtained with the pseudo-second order adsorption kinetics equation showed that this provided the best description of the kinetics of Ni(II) ion adsorption.
